Thiobacillus novellus shows a maximum induction of sulfite oxidase activity and a maximum growth rate as a result of supplementing the autotrophic growth medium with 4.0 ,uM ammonium molybdate. Cells grown in the presence of molybdate showed approximately 10-fold increases in the amount of enzymeassociated molybdenum and in the sulfite-to-cytochrome c and sulfite-to-ferricyanide reductase activities. The effect of exogenous molybdate was not discernible with cells grown in the absence of thiosulfate. Tungsten inhibited the growth of T. novellus and the expression of sulfite oxidase activity.
Sulfite oxidases from mammalian and avian sources are molybdohemoproteins (4-6, 9, 11). We recently purified the Thiobacillus novellus sulfite oxidase to homogeneity (13) . The enzyme is also a molybdohemoprotein. Yamanaka et al. (14) also reported the presence of an essential heme component of the enzyme, but the presence of molybdenum was not indicated. Sulfite oxidase is induced in T. novellus on conversion to autotrophy (2, 3) . Results presented here reveal that the autotrophic T. novellus growth rate and the endogenous expression of sulfite oxidase activity are significantly enhanced by the addition of molybdate and decreased by the addition of tungstate.
T. novellus ATCC 8093 was grown in base mineral medium (2, 3) containing 4.0 g of K2HPO4, 1.5 g of KH2PO4, 0.02 g of CaCl2 * H20, 0.1 g of MgSO4 * 7H20, 0.3 g of (NH4)2SO4, 0.02 g of MnSO4 * 2H20, 0.02 g of FeCl3 * 6H20, 1.1 g of NaHCO3, 10 ,uM biotin, and 0.4 mg of phenol red per liter. The heterotrophic medium (medium A) was obtained by supplementing the base medium with 4 g of glucose per liter. Mixotrophic media were prepared by adding 2 g of glucose and 2.5 g of Na2S203 per liter (medium B) or 1 g of glucose and 5 g of Na2S203 per liter (medium C) to the base mineral medium described above. Autotrophic medium (medium D) was prepared by adding 10 g of Na2S203 per liter. In some experiments, ammonium molybdate, sodium tungstate, or both were added to the growth media at the concentrations indicated below. All media were autoclaved at 110°C for 20 min. The liquid cultures were grown at 30°C with vigorous stirring. The pHs of the cultures were maintained at 7.0 to 7.5 by the addition of a 5% Na2CO3 solution sterilized by filtration through a 0.22-p.rm membrane filter (Millipore Corp.).
Cytochrome c and biotin were from Sigma Chemical Co. All inorganic chemicals were from Malinckrodt, Inc.
The growth rate was determined by measuring the optical density at 590 nm. After 6 days, the cultures were checked for purity, and cells were harvested, washed with 1 mM potassium phosphate buffer (pH 7.8), and stored at -20°C until used. Cells were checked for purity by plating on nutrient broth, and the appearance of colonies was monitored for 48 h. The appearance of any colonies before 48 h of incubation indicated the presence of contaminating bacteria. Cells were suspended in 5 volumes of 1 mM potassium phosphate (pH 7.8) and lysed by sonication under nitrogen at 4°C with a virsonic cell disruptor, model 16-850. Partial purification of the enzyme (40 to 70% ammonium sulfate precipitate) was achieved as described elsewhere (13) . The precipitate was resuspended in 1 mM potassium phosphate (pH 7.8) and dialyzed. This preparation of enzyme was used in all experiments unless otherwise stated in the text.
The sulfite oxidase assay procedure was the same as that described by Johnson and Rajagopalan (9) . Cytochrome c reduction at 550 nm and ferricyanide reduction at 420 nm were monitored with a Beckman DU-8 spectrophotometer. Protein concentrations were determined by the procedure of Bradford (1) . Molybdenum analyses were performed as described by Johnson et al.
(8).
Cells grown in media A and B contained very little sulfite oxidase activity (Table 1) . Medium C-grown cells showed more than twice the activity of medium B-grown cells. Completely autotrophic medium D was best for sulfite oxidase specific activity. Cells grown in medium D supplemented with 4.0 p.M ammonium molybdate had an approximately 10-fold increase in both the sulfite oxidase specific activity ( 120 a T. novellus cells were grown in medium A, B, C, or D for 6 days. Cells were then harvested by centrifugation, and 40 to 70% ammonium sulfate precipitates were prepared from the sonically disrupted cells. The precipitates were redissolved in 1 mM potassium phosphate (pH 7.8), and the specific activity of the resulting solutions was determined. One unit of enzyme activity is that which caused an absorbance change of 1.0/min. The cytochrome c assay was used.
the amount of enzyme-associated molybdenum (1.03 ,ug of Mo per g of protein) from cells grown in the medium supplemented with molybdate when compared with cells from the autotrophic medium not supplemented with molybdate (0.097 pug of Mo per g of protein). A similar 10-fold increase was observed with the sulfite-toferricyanide activity (data not shown).
Molybdenum also influenced the growth rate of cells in medium D (Fig. 1) . Cells grown in 4.0 ,uM ammonium molybdate showed the greatest growth, whereas cells grown in 10 times as much terial from autotrophic cells grown in the absence of exogenous molybdenum. Equal volumes of DEAEpurified sulfite oxidase (38 U/ml) from cells grown in the autotrophic medium without added molybdate and antibody against sulfite oxidase were preincubated for 30 min at room temperature. Incubation of 10-,ul samples of enzyme (640 U/ml) purified from cells grown in the presence of 0.5% ammonium molybdate with various amounts of equally diluted nonpreincubated antibody is shown by the closed circles. Open circles represent the incubation of 10-,t.l samples of enzyme (640 U/ml) with the preincubated antibody.
All incubations were for 30 min at room temperature before the enzyme assay.
creased sulfite oxidase specific activity, cells grown in medium D have proven to be the most useful source for purifying the sulfite oxidase protein (13) . The quantity of sulfite oxidase activity in autotrophically grown cells can be further increased by supplementing the growth medium with molybdate. Fujimura and Kuraishi (7) reported that thiosulfate oxidation by T. novellus was not inhibited by organic compounds. However, utilization of thiosulfate may not accurately reflect the level of sulfite oxidase induction.
Tungsten, a molybdenum antagonist, inhibited the growth of autotrophic T. novellus cells. This observation is consistent with the filling of empty molybdenum sites in aposulfite oxidase molecules and with the replacement of molybdenum in some holoenzyme molecules with tungsten. Administration of tungstate to rats results in a certain fraction of molybdenum-free and tungsten-filled sulfite oxidase molecules (8, 10) . Addition of exogenous tungstate and molybdate to the autotrophic growth medium resulted in growth indistinguishable from that observed with the addition of molybdate alone, suggesting that molybdenum is a much better competitor than tungsten for the metal sites on T. novellus aposulfite oxidase.
The simultaneous addition of molybdate and tungstate to the autotrophic medium resulted in a lower sulfite oxidase specific activity than was observed when only molybdate was added; the observed specific activity was, however, much higher than that observed when cells were grown autotrophically without the addition of exogenous molybdate (Table 1) . It seems reasonable that the decrease in specific activity caused by the simultaneous addition of molybdate and tungstate was the result of tungsten competition with molybdenum for metal sites on the enzyme. It is suggested that the amount of enzyme activity remaining as a result of tungsten and molybdenum competition for metal sites on the enzyme is sufficient for maximum growth of T. novellus.
The presence of inactive sulfite oxidase crossreacting material was detected in the sulfite oxidase preparation from cells grown in the absence of molybdate (Fig. 2) . Preincubation of anti-sulfite oxidase antibodies with enzyme from cells grown in the absence of molybdenum significantly decreased the ability of the antibody to inhibit sulfite oxidase from cells grown in the presence of molybdate. Visualization of inactive sulfite oxidase cross-reacting material from cells grown in the absence of exogenous molybdate is shown in Fig. 3 . Therefore, it seems that in the absence of exogenously added molybdate, some demolybosulfite oxidase molecules are synthesized. On addition of molybdate to the medium, these molecules are converted to the active holoenzyme.
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